Abstract Two pumping tests were performed in the unconfined Motril-Salobreña detrital aquifer in a 250 m-deep well 300 m from the coastline containing both freshwater and saltwater. It is an artesian well as it is in the discharge zone of this coastal aquifer. The two observation wells where the drawdowns are measured record the influence of tidal fluctuations, and the well lithological columns reveal high vertical heterogeneity in the aquifer. The Theis and Cooper-Jacob approaches give average transmissivity (T) and storage coefficient (S) values of 1460 m 2 /d and 0.027, respectively. Other analytical solutions, modified to be more accurate in the boundary conditions found in coastal aquifers, provide similar T values to those found with the Theis and Cooper-Jacob methods, but give very different S values or could not estimate them. Numerical modelling in a synthetic model was applied to analyse the sensitivity of the Theis and Cooper-Jacob approaches to the usual boundary conditions in coastal aquifers. The T and S values calculated from the numerical modelling drawdowns indicate that the regional flow, variable pumping flows, and tidal effect produce an error of under 10 % compared to results obtained with classic methods. Fluids of different density (freshwater and saltwater) cause an error of 20 % in estimating T and of over 100 % in calculating S. The factor most affecting T and S results in the pumping test interpretation is vertical heterogeneity in sediments, which can produce errors of over 100 % in both parameters.
Introduction
Pumping tests are the most widely used method for estimating hydrogeological parameters such as transmissivity and storage coefficient in aquifers. The first analytical solutions for the equation of groundwater flow in aquifers subjected to pumping provided by Thiem (1906) for a steady state, and by Theis (1935) and Cooper and Jacob (1946) for a transient state, consider very restrictive conditions that limit their application to aquifers that are porous, uniform, homogeneous, infinite, of constant thickness and isotropic, and in which pumping occurs in a completely penetrating well with a constant discharge. Subsequent modifications to these initial analytical solutions have expanded the application conditions. Boulton (1954) pointed out the effect of delayed drainage in an unsaturated zone in an unconfined aquifer and Neuman (1972; 1974) in partially penetrating unconfined aquifers. Hantush (1960) proposed a solution for the case of a leaky confined aquifer with storage in the aquitard and a variable rate. Hantush (1961) also offered a solution for the case of anisotropic aquifers and partially penetrating wells. Papadopulos and Cooper (1967) worked with large-diameter wells.
The interpretation of pumping tests in coastal aquifers is highly complex since a number of specific conditions can influence the results. For instance, the co-existence of freshwater and saltwater produces changes in density, and tide-induced head fluctuations can complicate the interpretation of drawdown data from pumping tests (Trefry and Johnston, 1998; Sakr, 2001) . Sakr (2001) proposes type-specific curves for aquifers with freshwater and saltwater. In addition, Chen and Jiao (1999) and Chapuis et al. (2006) propose correcting for tidal effects in the drawdown data for confined aquifers by subtracting the net tidal effects measured before pumping. Trefry and Johnston (1998) and Chattopadhyay et al. (2014) applied a least squares regression technique to attenuate tidal influence. Ni et al. (2011) propose applying the Cooper-Jacob method on the rectilinear stretch of the s-logt function based on the fact that tides cause regular fluctuations in groundwater of the same amplitude.
Another circumstance that may occur in a coastal aquifer is the existence of an artesian well , resulting in a variable pump flow diminishing over time. Interpretations of pumping tests in artesian conditions for any type of aquifer (not necessarily coastal) have been specifically studied by Jacob and Lohman (1952) considering a variable well discharge but with constant drawdown. However, Sternberg (1967) presents an approximate solution for decreasing discharge. Lai et al. (1973) consider a variable discharge that is both linear and exponential. Sen and Altunkaynak (2004) compare the T and S values obtained considering steady and variable discharge, respectively. Zhang (2013) applies Theis' method and proposes a new type of curve for the case of variable discharge, validating the method with a numerical model, although it requires several measurements of drawdowns in different points at varying distances from the pumping point. Mishra et al. (2013) consider a sinusoidal variation of the discharge.
Detrital coastal aquifers are also often stratified sediments with alternating layers of extremely different hydraulic conductivity. The influence of vertical heterogeneity in the interpretation of pumping tests has concerned experts for some time. As noted by Hemker (1999) , most analytical solutions for vertical heterogeneity consider the case of multiaquifer systems (Hemker 1985; Hemker and Maas 1987; Maas 1987b; Streltsova 1988) . However, few analytical solutions allow for some sort of vertical heterogeneity within the aquifer. Maas (1987a) developed an analytical solution for vertical heterogeneity in steady-state conditions. Moench (1995; 1996) uses analytical transient well flow solutions that include vertical flow components based on the numerical inversion technique of the Laplace transform solution. Hemker (1999) provides a solution of the general issue of computing well flow in vertically heterogeneous aquifers by integrating both analytical and numerical techniques. Alam and Olsthoorn (2014) use Hemker and Maas' (1987) numerical and analytical approaches to assess the benefits of using multidepth pumping tests in the analysis of deep layered and anisotropic aquifers. In most cases, a pumping test in aquifers with some vertical heterogeneity is resolved with numerical modelling (Hemker 1999; Riva et al. 2001; Kollet and Zlotnik 2005; Chen et al. 2014) .
Despite these steps forward and the many modifications to the initial analytical solutions, there are still many unresolved limitations in interpreting pumping tests in coastal aquifers. Many studies on coastal aquifers consider it acceptable to use the T and S results obtained applying classic methods (Theis 1935; Cooper and Jacob 1946) . Such is the case of Capuano and Jan (1996) and Vouillamoz et al. (2006) , who apply the Theis and Cooper-Jacob solutions to a coastal detrital aquifer. Park et al. (2012) use Theis' solution for a fissured aquifer with freshwater and saltwater. Chachadi and Gawas (2012) , Sabtan and Shehata (2003) , Mohanty et al. (2012) , and Lee et al. (2014) also apply Theis' solution in detrital coastal aquifers. Barlow et al. (1996) and Ni et al. (2011) noticed a tidal effect in their drawdown curves but did not consider it for evaluating T and S. Keith et al. (2006) and Mastrocicco et al. (2013) apply the Cooper-Jacob method to interpret pumping tests in detrital coastal aquifers. Diamantopoulou and Voudouris (2008) apply the Theis and the Cooper-Jacob methods to a multilayer coastal aquifer.
It can therefore be concluded that there are still uncertainties in the analytical solutions applied in interpreting pumping tests in coastal aquifers. In addition, the classic analytical solutions are applied even when the theoretical conditions required by those solutions are not met.
This study presents the case of two pumping tests carried out in a deep well penetrating the Motril-Salobreña coastal aquifer (southern Spain), which has a series of specific circumstances typical of coastal aquifers that make it difficult to interpret drawdowns from the pumping tests. It is an artesian well with a decreasing variable flow drilled in a detrital aquifer with a layered series having different hydraulic conductivity and with significant flow to the sea. In addition, the well intersects the freshwater-saltwater mixing zone and is affected by tidal fluctuations due to its proximity to the coastline. The main objective of this paper is to determine the error of the T and S values obtained applying the classic methods of Theis and of Cooper-Jacob due to these specific characteristics of coastal aquifers. This objective is approached with numerical modelling, which allows a quantification of the impact on the theoretical results.
Study Area and Hydrogeological Setting
The unconfined detrital Motril-Salobreña aquifer, located on the Mediterranean coast in southern Spain (Fig. 1) , covers a surface area of 42 km 2 and comprises alluvial sediments supplied by the Guadalfeo River and other minor streams. The aquifer's main recharge source is the Guadalfeo River, providing direct infiltration in the 8 km of its course over the aquifer and indirect infiltration from irrigation water deriving from the same river Duque et al. 2011) .
The Motril-Salobreña aquifer is one of the few on the Spanish Mediterranean coastline that has of yet shown no signs of marine intrusion in contrast to the usual case for aquifers in semi-arid coastal zones (Kourakos and Mantoglou, 2011; Doulgeris and Zissis, 2014; Zekri et al. 2015) . Quite the contrary, it shows signs of very active freshwater discharge, as corroborated by the fact that the freshwater-saltwater contact does not penetrate far inland (Duque et al. 2008; Calvache et al. 2009 ).
At 300 m from the coastline, three wells were drilled clustered within a few metres of each other. The three are flowing artesian wells. The deepest (S250) is 250 m deep with 12 screens (3 m each) distributed along its length, supplying an average flow of 18 L/s. The other two wellbores are piezometers (4.7 and 9.6 m from the first well) with respective depths of 40 m (S40) and 135 m (S135). The average flow of these two monitoring wells is 0.10 and 0.13 L/s, respectively. The three wells are normally hermetically sealed to prevent uncontrolled discharge from the aquifer. Electrical conductivity logs from well S250 indicate that the saltwater-freshwater interface is approximately 135-200 m deep.
The artesian character of the three wells could be due to the typical flow pattern of discharge zones, with features of vertical flow and increasing head with depth. This discharge-zone flow pattern, typical of the freshwater-saltwater contact in a coastal aquifer (Glover 1959; Kohout 1964) , is even more pronounced due to the fact that the Motril-Salobreña aquifer has a high horizontal hydraulic gradient, which in turn causes an increase in the vertical hydraulic gradient in the discharge zone .
The lithological column in this sector of the aquifer can be roughly grouped into three units. The hourly log of the heads of the two piezometers (S40 and S135) shows the effect of tidal fluctuations, particularly in monitoring well S135 (15 cm versus 5 cm in the shallower well) (Fig. 2) .
Methods
The following steps were followed in the course of this work:
1. Two pumping tests were performed on artesian well S250 by keeping the well open and continuously measuring the drawdowns and recoveries in piezometers S40 and S135.
Estimate of T and S values by applying:
a. Classic methods (Theis and Cooper-Jacob) using the AQTSOLV software (Duffield 2007) , which can consider a constant pumping flow or a variable discharge by applying Streltsova's (1988) principle of superposition. b. Other analytical solutions considering certain variants on the boundary conditions examined in the classic methods. Specifically, the methods proposed by the following authors were applied: (1) Sakr (2001) and the vertical heterogeneity of the hydraulic conductivity. The conceptual model considered is a simplification of the real study case since the objective is to determine the margin of error that the T and S values obtained with the classic methods can have when the boundary conditions considered by Theis and Cooper-Jacob are not met (case 1).
To do so, the T and S values (T i , S i ) are estimated from the drawdowns for each simulated scenario, and the error with regard to case 1 (T i , S i ) is calculated as
Pumping Tests Description
Two pumping tests were performed consisting in measuring the heads in the monitoring wells S40 and S135 after a prolonged opening of well S250. In the first test (PT1), well S250 was kept open for 23 h and 35 min, allowing a recovery time of 3 h and 30 min after well S250 was sealed. In the second test (PT2), well S250 was opened for 26 h and 7 min, allowing a recovery time of 23 h and 43 min (Table 1) . Throughout the two tests, the well discharge was measured at variable intervals, noting a progressive drop in flow. In PT1, discharge was between 20 and 16.7 L/s and in PT2 it was 17.7 to 16 L/s. The average discharge for the two tests was taken as 18.2 and 16.8 L/s, respectively (Table 2) .
In PT1, although the recovery time allowed was very short (3.5 h), the static water level was nearly reached, with a residual decrease of just 0.01 m in S40. In PT2, the recovery time was longer (almost 24 h), allowing complete recovery of the water level.
In both tests, the effect of tidal fluctuations is noted, although it is much more noticeable in S135 than in S40.
Numerical Modelling
A finite-difference 3D model (SEAWAT) has been developed simulating a theoretical pumping test where the boundary conditions were modified in a total of seven different cases: (1) Theis and Cooper-Jacob conditions, (2) with a hydraulic gradient on the X axis, (3) with a variable pumping rate, (4) with a boundary with tidal fluctuations, (5) with vertical heterogeneity, (6) with fluids of different density (freshwater and saltwater), and (7) with all the above conditions. The size of the model is large enough to ensure a completely theoretical pumping, in which there is no border impact on the shape of the drawdown cones. Accordingly, the model dimension (Fig. 3 ) was set to 5 km long (X dimension) by 5 km wide (Y dimension) by 200 m deep (Z dimension), considering the ground surface at 3 m above sea level. Cells are 50 m × 50 m and of variable depth in accordance with the two main situations: one layer (cases 1, 2, 3, 4, and 6) as a homogeneous aquifer and three layers (cases 5 and 7) to include heterogeneity in the aquifer (Fig. 3) .
The main features for each scenario are listed in Table 3 . The gradient defined between the two constant head boundaries is 0.001 in cases 2 and 7. The tide condition imposed in cases 4 and 7 is described as a constant sinusoidal oscillation head boundary condition (Fig. 3B) on the left border from 0 to 1 km, with the aim to produce a detectable disturbance in the records of the head observation wells. The expression used to define the tide oscillation is: The pumping well is situated in the centre of the model domain (2.5 × 2.5 km 2 ), and fully penetrating, from 3 m to −200 m depth (along the Z axis). The casing of the pumping well was assigned as fully screened. The variable pumping rate in cases 3 and 7 has been imposed with a linear decrease from 1600 m 3 /d to 1500 m 3 /d, throughout one day of pumping. In other cases, the pumping rate is constant and equal to 1500 m 3 /d. Finally, eight head observation points were added in order to assess the symmetry of the drawdown cone produced by the pumping and the changes in heads with depth. They were distributed symmetrically on both the right and left sides of the well (R1-RS1-L1-LS1 50 m and R2-RS2-L2-LS2 100 m from the pumping well, respectively), as shown in Fig. 3B 
Pumping Test Interpretation
For the estimation of T and S, the drawdowns obtained in the two pumping tests (PT1 and PT2) in the Motril-Salobreña aquifer are used. The drawdowns in the two piezometers are slightly different in PT1 and PT2 due to the different discharge rates. However, in both tests S40 has higher drawdowns than S135 (Fig. 5 ) due to its greater proximity to the pumping and to the shallower measurement. The highest drawdown in S40 during PT1 was 0.79 m and 0.49 during PT2 (Table 2 ). In the case of S135, the differences in drawdowns are slight in both tests, never exceeding 0.02 m. In both tests, only diurnal and semi-diurnal tidal fluctuations are noticeable, with periods of around 24 h and 12.2 h respectively.
It can be seen that the flow around the pumping point interacts with the tidal effect of the levels. In fact, the fluctuations in S40 and S135 in the absence of pumping are 0.05 and 0.15 m, respectively. However, during pumping they seem to be attenuated, logging 0.008 and 0.06 m, respectively.
Classic Methods
The fit of the drawdowns to the theoretical curves was more satisfactory for well S40, with a standard error of 1.6 % compared to 4 % in the fit for S135. This difference is probably due to tidal fluctuations, which are much more evident in S135 and make the data difficult to fit (Fig. 4) . The T data estimated for S40 and S135 range from 1598 to 2360 m (Table 4) . However, for S the values are higher, with 0.023 for S40 and from 0.03 to 0.002 for S135. In general, the standard errors obtained when fitting the curves in the latter case are very similar to those not considering variable discharge. However, when variable discharge is considered, the fitted data logged in S40 show a minimum standard error (1.5 %). Therefore, the averages of estimates for S40 are taken as representative values for T and S in the western sector of the Motril-Salobreña aquifer applying the methods of Theis and Cooper-Jacob (with variable discharge). Specifically, a T of 1460 m 2 /d and an S of 0.027 are considered. Fig. 4 Heads measured in S40 and S135 during pumping tests
Other Analytical Solutions
To apply other analytical solutions, only the drawdown data logged in S40 were taken since the tidal signal in S135 makes it difficult to interpret the results.
A better fit is obtained with the curves proposed by Sakr (2001) than with the Theis method. The s-log t curve is included in those corresponding to an r w /L of 1 and 2·10 ) is much lower than that obtained with the classic methods.
Applying the method proposed by Sen and Altunkaynak (2004) , which considers a variable discharge rate, gives a T value of 1,040 m 2 /d, which is lower than the 1460 m 2 /d calculated with the classic methods. However, this method could not be applied to calculate S. It may be that the method proposed by those authors is better applied to confined aquifers, in which the drawdowns related to the discharge flow are much greater than in unconfined aquifers such as this one.
Following the methodology of Chapuis et al. (2006) , the s resulting from subtracting h 0 (head with a tidal signal logged before pumping) from the h measured during pumping still shows a fluctuating signal, indicating this method does not entirely clean up the tidal signal. The application of this methodology has two main problems. On one hand, Chapuis et al. (2006) consider a uniform tidal signal in the piezometric log even though that signal is usually very irregular (Fig. 2) since these fluctuations are also affected by factors such as wind, barometric pressure, and changes in aquifer recharge. It is consequently very difficult to find tidal signals of the same amplitude at different times. In addition, the superpositioning of the tidal signal unaffected by pumping (h 0 ) on the signal logged during pumping (h) can yield apparent maxima and minima that falsify the resulting drawdowns in the subtraction.
Briefly, analytical solutions other than those proposed by Theis and Cooper-Jacob, considering variable density and a variable discharge, provide similar T values to those obtained with the classic methods. The solution proposed by Sen and Altunkaynak (2004) gives a T value 30 % lower than that given by the classic methods, whereas the solution proposed by Sakr (2001) yields a T value that is 5 % higher. In contrast, the results for the storage coefficient with these two analytical solutions are much lower or could not be adjusted. Figure 5 shows the drawdowns in nine check points in the seven scenarios simulated with numerical modelling, although there seem to be fewer lines as some coincide. It can be observed that the s logs are symmetrical in all cases. There is only a slight difference in case 7, where the tidal effect appears, which not surprisingly shows greater amplitude in points closer to the boundary in which the tidal fluctuation condition is applied. In all cases except those including vertical heterogeneity (cases 5 and 7), the drawdowns recorded at depth coincide with those logged at the surface. In cases 5 and 7, there is agreement between the s obtained at point 1 at depth and at the surface (R1 and RS1, L1 and LS1) because both are in layer 1. The same does not occur for the points in position 2, where R2 and L2 are located in layer 2, and RS2 and LS2 are in layer 1. In points R2 and L2, the drawdowns trend differently than in the other cases, with a sharper drawdown at the start of pumping and a slowing of the drawdown after about one hour of pumping (Fig. 5) .
Evaluation of Reliability of Theis and Cooper-Jacob Methods
Cases 2, 3, and 4 show very similar results to case 1 for the degree of impact of the different circumstances considered on the values of s. Table 5 presents the data for T and S calculated from the drawdown data obtained by numerical modelling after one day of pumping in the different scenarios considered. Coinciding with the values noted in the s-t graphs (Fig. 5) , the T values calculated in scenarios 2, 3, 4, and 6 are quite similar to those obtained with the Theis and Cooper-Jacob methods (case 1). The error tends to be below 10 %, and only in the case of s measured at the points farthest from the pumping point considering different densities (R2, RS2) does it reach an error of 20 % (case 6). Vertical heterogeneity is the most important factor impacting the applicability of classic methods in interpreting pumping tests. In that scenario (case 5), the T values obtained show a higher error percentage, although there is a great difference between the values calculated at the points located in layer 1 (R1, RS1, RS2), with errors of around 30 %, and the values in layer 2 (R2), with errors of over 100 %.
It is worth noting that, considering all the factors combined (case 7), the percentage of error drops down to 40-50 % in most cases, probably because certain effects compensate for the effects of other factors.
The S is much more sensitive to changes with respect to the reference case. Acceptable results have only been found for cases taking into account a hydraulic gradient, variable withdrawal rate, and single-layer tidal effects (cases 2, 3, and 4), with errors generally under 3 %. In the other cases, the S values are much higher than the value calculated in case 1, with errors of around 100-300 %.
As occurs with T, the S values obtained for case 7 (in which all the variables are considered jointly) show a lower error than in case 5. The fluid's variable density affects the estimation of S (errors of over 100 %) more than that of T (errors of 1.7-20.6 %).
Discussion
Applying the analytical solution proposed by Sen and Altunkaynak (2004) to the Motril-Salobreña aquifer to determine the effect of pumping with a variable discharge reveals a T value 28 % lower than when estimated with the classic methods. In contrast, the results of the numerical modelling (case 3) considering a decrease of 10 % in the pumping rate over the course of the test yielded a difference of less than 2.6 % compared to the values from the Theis and Cooper-Jacob methods.
The other analytical solution applied in this work, proposed by Sakr (2001) , considers the effect of two fluids of different density and yields T values 5 % higher than the values of the classic methods for the Motril-Salobreña aquifer. In this case, in contrast, the results of the numerical modelling (case 6) indicate that this factor has more impact on the results and inversely to the form suggested by Sakr (2001) , with T values up to 20 % lower than those found with the classic methods.
When considering layers with different hydraulic conductivity (case 5), vertical flows occur that deform the equipotentials, losing their verticality. This occurs because the supply of water to the pumping well is proportional to the hydraulic conductivity and, therefore, is higher in layer 2, which has the highest K of the three. In fact, layer 2 supplied 71 %, layer 1 27 %, and layer 3 2 % of the withdrawal volume. This causes a greater loss of head at the beginning in layer 2 and the appearance of a vertical hydraulic gradient from layers 1 and 3 towards layer 2. This is why, in case 5, the drawdowns in L2 and R2 are much sharper at the start and gradually stabilize due to the supply of water from the other two layers. Consequently, the s values measured in the different layers do not correspond to the direct effect of the volume pumped and explains why they do not provide good results using the classic methods. Therefore, and in agreement with Alam and Olsthoorn (2014) , the traditional methods tend to mask the effect in stratified aquifers with vertical flow.
In case 5, it has been considered that the effect could be similar to what happens in a leaky confined aquifer, and we therefore opted to use the analytical solution proposed by Hantush (1960) . The resulting T values are closer than with traditional methods, but the errors are still quite large (around 100 %).
The effect of tidal fluctuations on drawdowns is minimal when only one layer is considered (case 4 in Fig. 5 ), but is notable when several layers are taken into account (case 7 in Fig. 5) . Specifically, the s logged in the shallower points (R1, L1) show no fluctuation; however, deeper points (R2, L2) do show a clear effect of tidal fluctuations. This circumstance is in agreement with the effect found in the two monitoring wells for the Motril-Salobreña aquifer (S40 and S135), where a much sharper tidal fluctuation is found in the deeper piezometer (Fig. 2) .
Conclusions
Synthetic numerical modelling has shown that estimating the transmissivity values and the storage coefficient calculated by Theis and Cooper-Jacob in a detrital aquifer can yield an error of under 10 % when there is regional flow (hydraulic gradient), when the volume pumped varies up to 10 % throughout the test, and when the levels show a tidal effect on the order of 1 % of the total head.
A saltwater-freshwater interface can cause an error of 20 % in the transmissivity results and of over 100 % in the storage coefficient.
Vertical heterogeneity causes the greatest errors in the T and S results using classic methods. Layers with variations in hydraulic conductivity of 1-30 m/d produce errors in both parameters of over 100 %.
The Theis and Cooper-Jacob methods can be applied in coastal aquifers to interpret pumping tests and obtain T and S values as long as the aquifers are uniform, without significant vertical heterogeneity, and in a sector without variable density (saline wedge).
If the Theis or Cooper-Jacob methods are used in stratified aquifers with variable vertical hydraulic conductivity or in which pumping is carried out in the saline wedge, the S data cannot be considered valid and the T values should be viewed as approximate and over-estimated.
In the specific case of the Motril-Salobreña aquifer, in fact, the T value (1460 m 2 /d) obtained from applying the Theis and Cooper-Jacob methods on the pumping tests is probably overestimated as well. The storage coefficient value is uncertain and other methods will need to be used to determine it.
